Surface Integrity Evolution from Main Cut to Finish Trim Cut in W-EDM of Shape Memory Alloy  by Liu, J.F. et al.
 Procedia CIRP  13 ( 2014 )  137 – 142 
Available online at www.sciencedirect.com
2212-8271 © 2014 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license. 
Selection and peer-review under responsibility of The International Scientific Committee of the “2nd Conference on Surface Integrity” in the person 
of the Conference Chair Prof Dragos Axinte dragos.axinte@nottingham.ac.uk
doi: 10.1016/j.procir.2014.04.024 
ScienceDirect
2nd CIRP Conference on Surface Integrity (CSI) 
Surface integrity evolution from main cut to finish trim cut            
in W-EDM of shape memory alloy  
J.F. Liua, L. Lib, Y.B. Guoa,* 
aDept. of Mechanical Engineering, The University of Alabama, Tuscaloosa, AL 35487, USA 
bSchool of Mechanical Engineering, Shandong University of Technology, Zibo 255049, China 
* Corresponding author. Tel.: +1-205-348-2615; fax: +1-205-348-6419.E-mail address: yguo@eng.ua.edu. 
Abstract 
Shape memory alloys such as Nitinol are widely used in medical, aerospace, actuator, and machine tool industries. However, 
Nitinol is a very difficult-to-machine material due to the superelasticity, high ductility, and severe strain-hardening. This study 
explores the process capability of W-EDM (DI-water based dielectric) in machining Nitinol Ni50.8Ti49.2 by one main cut (MC) 
followed by four trim cuts (TC). Experimental results show that the 6-sigma distributions of Ra are very different between MC and 
finish TC. Thick white layers (2-8 μm) with microcracks in MC and very thin white layers (0‒2 μm) free of those defects in finish 
TC can be observed. However, microcracks would not propagate into the heat affected zone (HAZ) below the white layer. The 
white layer by TC is about 50% higher than that by MC. In addition, Ni is the dominant element for the measured microhardness. 
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1. Introduction 
Shape memory alloys (SMA) have been widely used 
due to their unique properties of shape memory and 
superelasticity. Nitinol, a near-equiatomic nickel and 
titanium alloy, has been investigated for its applications 
in medical device and aerospace industries [1-5]. 
However, Nitinol has very poor machinability using 
conventional mechanical cutting. The unique mechanical 
properties will result in high tool wear, difficult chip-
breaking, burrs, and microcracking etc. [6, 7]. 
Wire electrode discharge machining (W-EDM) is an 
unconventional process to machine difficult-to-cut 
material. The contact free nature between the workpiece 
and the electrode avoids severe tool wear and other 
issues inherent in mechanical cutting processes. Also, it 
has the advantage of cutting high-aspect-ratio 
components over waterjet machining and laser cutting. 
Thermal damage caused by high discharge energy in 
main cut can be further reduced by subsequent multiple 
trim cuts at lower discharge energy. Moreover, the 
recent development of generator design from resistor 
initiated discharge to transistor initiated discharge 
enables W-EDM to work in high frequencies in MHz 
range. Thus, thermal damage can be minimized in a very 
thin surface layer [8-10].  
A few studies have been reported on machining of 
Nitinol by W-EDM. The pioneering works were mostly 
limited to single parameter effect (discharge current, 
discharge duration time, etc.) on material removal rate 
and/or microstructure of white layer [11-13]. Little 
research has been done to investigate the evolution of 
surface integrity from main cut to finish trim cut in W-
EDM. Thus, this study aims to comprehensively 
investigate the evolution of surface integrity in terms of 
surface topography, surface roughness, microstructure, 
elemental diffusion as well as microhardness.   
2. Experimental Procedure 
In this study, a Mitsubishi FA20S W-EDM machine 
with DI-water based dielectric was used. The uncoated 
brass wire electrode is 250 μm in diameter. Bar and 
sheet Nitinol SE508 (50.8 at.% Ni-49.2 at.% Ti) samples 
were cut as shown in Fig. 1. The sheet sample of 1.4 mm 
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thickness was cut by 1 main cut (MC) followed by 4 
trim cuts (TC). The bar sample (ø12.7 mm) was cut 
similarly to compare the effect of W-EDM finishing 
condition for different sample thicknesses.  
The built-in database of the commercial W-EDM 
machine automatically selects process parameters 
according to the material type and sample thickness. As 
Nitinol is not yet a material in the database, machining 
parameters for WC, which has similar machinability, 
were chosen as reference material (Table 1). In this type 
of W-EDM, two discharge circuits (IP circuit and SA 
circuit) are available. When the IP setting value is 4 or 
larger, the IP circuit serves as dominant discharge circuit, 
and lower energy SA circuit is an auxiliary circuit to 
allow more current flow. When the IP setting value is 3 
or less, the IP circuit doesn’t work anymore; instead, the 
SA circuit is dominant and the only circuit to provide 
discharge energy. SA circuit is able to provide much 
lower discharge energy with ultra-high discharge 
frequency. Thus, the discharge energy during the W-
EDM process gradually decreases from MC to TC4. 
 
Table 1  Process parameters for W-EDM. 
 
Cut sequence Vo IP OFF SA SB VG WT LQ FA H 
Sheet 
MC 16 6 1 4 12 42 11 14 3.30 187 
TC1 3 6 8 2 8 57 13 4 6.60 141 
TC2 3 3 1 2 9 65 13 4 6.60 133 
TC4 6 2 8 1 3 82 13 4 7.62 129 
Bar TC4 6 2 8 1 3 75 13 4 7.62 129 
Note: The parameters are based on Mitsubishi FA20S standard. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1  Experimental set up and machined samples. 
 
 
 
3. Results and Analysis 
3.1. Surface topography 
The machined samples were prepared with ultrasonic 
cleaning in cold water for 5 minutes followed by air 
drying. When the residual water has completely 
vaporized after 24 hours, surface topography was 
measured by Philips XL-30 Scanning Electron 
Microscope (SEM).  
Fig. 2 shows the surface characteristics of the sheet 
sample by W-EDM. The MC surface shows “coral reef” 
microstructure. The machined surface consists of the 
white layers from the re-solidification of molten material. 
The irregular debris were produced from the re-
solidification of vaporized materials and/or the expelled 
molten materials. The subsequent TC1 and TC2 
significantly reduced the number of debris on the 
machined surfaces. In addition, craters by multiple 
discharging occurred. After the finish trim cut TC4, a 
near isotropic surface with regular craters can be 
observed. The debris are still visible but much smaller 
than those on the MC surface. Similar phenomenon was 
found in the previous studies in W-EDM of IN 718 alloy 
[8] and ASP23 mold steel [9]. In MC at high discharge 
energy, most of the molten material was splashed by 
high bubble pressure in the plasma channel. The partial 
splashed material is flushed away by DI-water, while the 
rest was quenched and re-solidified on the surface, 
leading to “coral reef” microstructure with irregular 
debris. In the subsequent TC1 and TC2 at relative low 
discharge energy, most of the molten material stayed on 
the surface instead of being splashed and flushed away. 
Thus, multiple discharge craters and less debris can be 
found. In TC4 at the lowest discharge energy as well as 
ultrahigh discharge frequency, the plasma channel of 
nano-second duraction had minimum thermal impact to 
the surface. Molten material would be barely splashed 
but re-solidified as uniform discharge craters.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2  Surface topography of Nitinol (sheet sample) by W-EDM. 
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Microcracks formed on the white layer of the MC 
surface. The formation of microcracks was resulted from 
the high tensile residual stress on the surface induced by 
rapid quenching of molten material in DI-water. The 
subsequent trim cuts didn’t show any microcracks on the 
surface which may be due to the reduction of tensile 
residual stress magnitude from low discharge energy. 
Random microvoids were observed on the MC surface 
and more on the TC1 and TC2 surfaces. The TC4 
surface had the most significant number of microvoids. 
Li [8] reported similar phenomenon in W-EDM IN 718 
due to gas saturation. During the discharging process, a 
saturation of gas happened in the molten pool. Most of 
the gas bubbles were expelled with the splash of molten 
material, while the remaining gas bubbles were trapped 
as microvods within the re-solidified material. When the 
discharge energy decreased in the subsequent TCs, less 
material was splashed, which results in more microvoids 
trapped in the surface layer.   
Fig. 3 shows the TC4 surface of bar sample (ø =12.7 
mm). An isotropic surface with random discharge craters 
was observed. Debris and microvoids are also visible, 
but no microcracks can be found. The very similar 
finished surface topography between TC4 surfaces in 
Fig. 2 and in Fig. 3 indicates that the thickness of sample 
has little effect on the finished surface topography. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3  Surface topography of Nitinol (bar sample) by finish trim cut. 
3.2. Surface Roughness (Ra) 
Surface roughness (Ra) was measured through a Mahr 
stylus (PGK 120 with 90° and 2 μm radius tip). A large 
set of Ra data was measured (24 tests) for the machined 
surface along both directions that parallel and 
perpendicular to the electrode wire. Compared to 
conventional method to represent the surface roughness 
by average Ra value, a statistical 6-sigma method (Eq.1) 
is introduced in this study to describe the variation of 
surface roughness: 
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where f(x) represents the probability density, μ is the 
mean value of the measured data, and σ is the standard 
deviation. After calculating the mean value and 
deviation based on surface roughness, Ra distributions of 
MC and TC surfaces are plotted in Fig. 4. The average 
Ra for the MC surface (1.36 μm) was significantly 
reduced by TC1 (0.68 μm) and TC2 (0.59 μm). After the 
finish trim cut TC4, the average Ra was reduced to 0.41 
μm. In MC at high discharge energy, the re-solidified 
molten material was deposited on the surface although a 
large portion of molten material was splashed into 
dielectric, which results in a “coral reef” microstructure 
with high surface roughness. For the subsequent TC 
surfaces, the gradually decreasing discharge energy 
produces much less “coral reef” microstructure and 
smaller roughness. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4  Surface roughness (Ra) distribution from MC to TC. 
 
The standard deviation (0.21 μm) for the MC surface 
was dramatically reduced to 0.06 μm (TC1) and 0.08 μm 
(TC2). This means that surface roughness Ra for MC 
surface had a larger randomness than those of TC 
surfaces, which was attributed to the irregular “coral reef” 
microstructure resulted from relative high discharge 
energy. In contrast, the standard deviation (0.11 μm) of 
the TC4 surface didn’t decrease compared to the 
surfaces in TC1 and TC2. This phenomenon needs 
further study.  
Fig. 5 shows the roughness distributions of the TC4 
surfaces for both two samples. Average Ra (0.41 μm) of 
the sheet sample is smaller than the bar sample (0.5 μm), 
while the standard deviation is larger (0.11 μm for sheet 
vs. 0.04 μm for bar). This is because for the sheet 
samples, Ra parallel to the wire is smaller than that 
perpendicular to the wire. The higher surface roughness 
Ra perpendicular to the wire may be attributed to the 
vibration of electrode wire during cutting. It seems that 
directionality of surface roughness in W-EDM occurs 
only for thin samples, but can be negligible for thick 
samples. Another reason to contribute the smaller 
average roughness in the thin samples is that it has better 
flushing condition than cutting thick samples. 
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Fig. 5  The effect of sample thickness on roughness distributions. 
3.3. Subsurface microstructure 
To observe the subsurface microstructure, the EDMed 
sheet samples were epoxied, gently polished, etched 
(15 ml HNO3 + 5 ml HF + 85 ml H2O), ultrasonic 
cleaned with ethyl alcohol, water rinsed and air dried. 
Then, SEM was used to analyze the microstructure 
characteristics as shown in Fig. 6.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6  Subsurface microstructure of Nitinol by W-EDM. 
 
The discontinuous and non-uniform porous white 
layer (WL) in the MC (2-8 μm) can be significantly 
reduced in the subsequent TC1 (1-4 μm), which was 
resulted from the decrease of discharge energy. In the 
subsequent trim cuts at lower discharge energy, WL is 
much less porous and the thickness was further reduced 
to 0-2 μm in TC2 and TC4. It is clear that the WL 
thickness is consistent with the level of discharge energy. 
High discharge energy causes severe thermal damage, 
and therefore results in a thick WL.  
Microcracks were also observed in the MC and TC1 
subsurfaces, but they are confined in the WL. The 
subsequent trim cut TC2 and TC4 produced surfaces free 
of microcracks in the WL. It is clear that microcracks 
were induced by high tensile residual stress by rapid 
quenching molten materials in DI-water. At low 
discharge energy in TC2 and TC4, tensile residual stress 
was not high enough to crack the WL surface. The 
microviods are also visible at each EDM condition. 
3.4. Elemental analysis 
Elemental alloying is expected in EDM since it is a 
thermal process. The extremely high plasma temperature 
causes very complex chemical reactions on the 
machined surfaces. In a W-EDM process, elements from 
both the electrode and the dielectric could be diffused 
into the workpiece. The near-equiatomic Ni and Ti alloy 
is very sensitive to elemental composition and content. 
Adding a third element or slight change of the content 
ratio will remarkably change its phase transformation 
behavior and mechanical properties. Energy-dispersive 
X-ray spectroscopy (EDS) analysis was used to measure 
elemental composition for white layer on the top surface. 
Full scan mode was used to detect the elements on the 
whole surfaces, while spot scan mode was used to detect 
elements in a specified area.  
Fig. 7 shows no oxygen detected on the MC surface, 
and same results were observed for the TC surfaces. The 
free of oxidation on the machined surface may be due to 
the ultra-high discharge frequency which enables to 
machine material without causing surface oxidation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7  EDS analysis of the MC surface. 
 
Fig. 8 shows the elemental compositions on EDMed 
surfaces by MC and TC. Foreign elements of Cu and Zn 
were detected, which migrated from the electrode wire 
of brass. Cu content was as high as 15 at.% in MC, and 
gradually decreased less than 10 at.% in the subsequent 
TC. This is because low discharge energy in TC resulted 
in less erosion and decomposition of electrode wire. Zn 
content was much less than Cu because of its minor ratio 
in the brass. Ni and Ti contents are equivalent and stable.  
Fig. 9 shows the foreign elemental compositions for 
both crater center and crater edge from TC1 to TC4. It 
seems the crater edge has more foreign elements than at 
the crater center, which may be resulted from the fast 
diffusion of Cu and Zn during the formation of discharge 
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crater. The sudden drop of Cu content at the crater edge 
in TC2 may be due to the non-uniform surface and 
irregular discharge crater. In addition, the diffused 
elements have the minimum contents at TC2, instead of 
TC4 at the lowest discharge energy. It implies that 
elemental diffusion in the discharge crater is not strongly 
correlated with the discharge energy. Discharge pulse 
duration and/or discharge frequency could be other 
influencing factors. The Ni and Ti elemental contents in 
the discharge crater were balanced with Cu and Zn. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8  Element analysis across the EDMed surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9  Element analysis for a single  discharge crater. 
 
Fig. 10 shows the elemental analysis of the debris. 
The high content (24.2 at.%) of Cu on the MC surface 
was tremendously reduced by the subsequent TCs and 
decreased to 7.29 at.% on the TC4 surface. Same trend 
occurred for Zn content which reduced from MC (7.93 
at.%) to TC4 (4.06 at.%). Ni and Ti contents gradually 
increased from MC to TC4. However, in all MC and TC 
conditions, the random debris had more Ni than Ti. The 
random debris were formed by the re-solidification and 
re-deposition of splashed molten material. In MC at high 
discharge energy most of the molten material for the 
electrode brass was expelled by high bubble pressure, 
which facilitated elemental diffusion when the splashed 
molten and/or vaporized material from both the 
workpiece and the electrode mixed with each other and 
re-deposited on the machined surface. At low discharge 
energy and low bubble pressure in the subsequent TC, 
the less mixing of molten materials resulted in lower Cu 
and Zn contents on the debris. Since Ni has lower 
evaporation temperature than Ti, more Ni would be 
vaporized and mixed with the electrode molten material, 
resulting in higher Ni content in the debris than Ti. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10  Element analysis of the debris. 
3.5. Microhardness 
Fig. 11 shows the top surface microhardness 
measured using a large indentation load (300g) to reduce 
the influence of surface roughness. The average 
microhardness on the top surface is significantly 
increased by 50% from MC (509 HV300g) to TC1 (764 
HV300g), and then slightly increased by subsequent TC2 
(781 HV300g) and TC4 (794 HV300g). The low 
microhardness in MC was casued by the highly porous 
“coral reef” microstructure in the WL. In the TC at low 
discharge energy, the WL becomes more uniform and 
solid which has large resistance to deformation at 
indentation. In addition, the large variation of 
microhardness values at each condition was resulted 
from the irregular rough surface.  
Fig. 12 shows the microhardness profile in the 
subsurface with a small indentation load (10g). To avoid 
the “edge effect” [14] during indentation, the first 
measurement was located at about 5 μm in subsurface. 
Three measurements were performed at each depth.  
Compared to the bulk material, the heat affected zone 
(HAZ) had lower microhardness at each condition. The 
reduction of microhardness in HAZ is caused by 
softening effect due to thermal degradation from 
multiple thermal loading in the discharging process. It 
was noticed that Lin [15] and Huang [12] showed that 
HAZ microhardness was higher than the bulk. The high 
microhardness of HAZ in the studies may be due to the 
influence of the hard oxides TiO2 and/or carbides TiC. In 
this study, the negligible elemental diffusion from 
dielectrics to workpiece did not produce oxides on the 
machined surface. In addition, the HAZ zone is 
significantly decreased from MC (25-30 μm) to TC4 
(10-15 μm). The high discharge energy in MC causes 
severe thermal damage to machined surface and leads to 
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a thick HAZ. However, HAZ can be reduced by 
subsequent TCs at low discharge energy.  
A study on W-EDM of IN 718 and Ti-6Al-4V [10] 
showed the similar softening for IN 718 but not           
for Ti-6Al-4V. Moreover, the bulk microhardness of the 
near-equiatomic Ni and Ti alloy is more close to IN 718 
than Ti-6Al-4V (Nitinol: ~380 HV10g, IN 718: ~450 
HK0.025, Ti-6Al-4V: ~300 HK0.025). It implies that Ni has 
dominant effect on the microhardness of Nitinol surface.   
The microhardness increase of the WL could be 
attributed to the possible intermetallic crystalline 
structure (Ni,Cu)x(Ti,Zn)y formed in rapid material 
melting quenching. In addition, the shape memory effect 
of the machined component would not loss since the thin 
WL will be removed by a subsequent finishing process.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11  Microhardness on the EDMed surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12  Microhardness profile in the EDMed subsurface. 
4. Conclusions 
A comprehensive study on the evolution of surface 
integrity by W-EDM Nitinol has been investigated. Key 
findings are summarized as follows: 
x The “coral reef” MC surface in MC is evolved into 
isotropic TC surface with random crater. 
x Roughness distribution shows MC surfaces have 
much higher average and random than the TC 
surfaces. Sample thickness influences the flushing 
condition and resulting certainty of roughness.  
x The highly discontinuous porous white layer in MC 
can be reduced to uniform solid white layer in finish 
TC. Microcracks are confined in white layer in MC, 
while they are absent in TC surfaces. Microvoids 
exist for all MC and TC conditions. 
x Elemental diffusion occurred only between the wire 
and the workpiece. The elemental diffusion is not 
uniform across discharge craters and debris.  
x The significant softening occurred in HAZ in MC 
due to thermal degradation can be minimized by TC 
at relative low discharge energy. Ni is a dominant 
effect on surface hardness of the EDMed surface. 
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